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1.0 INTRODUCTION

During Fiscal Year 1977, a multiple diagnostic program was completed which
characterized the exhaust plume of a refurbished, 0.1-1bf* monopropellant hydraziné
thruster (Ref. 1). The objectives of the program were to study plume condensation effects
and contamination properties. Near the end of the experimental program a phenomenon
occurred that was referred to in Ref. 1 as the thruster “‘catastrophe.” Laser scatiering
revealed a sufficiently high concentration of particulate matter in the plume to allow visual
observation of the laser beam passing through the plume. Before the catastrophe the laser
beam could not be observed. Even with quartz crystal microbalance (QCM) temperatures as
high as 160°K, the mass deposition on the QCM surface was so high that saturation occurred
after only a few thruster pulses. Subsequent particle sampling measurements (Ref. 1)
revealed that copious amounts of raw hydrazine were in the plume. Engine performance
calibrations revealed, however, that the thruster was performing almost as well as it was
when engine performance calibrations were made at the beginning of the program.

Therefore, the judgement was made that the thruster ‘‘catastrophe’” might prove to be
extremely useful if measurements identical to those made on the aged thruster could be
performed on a new thruster. The aged thruster was returned to the manufacturer,
Hamilton Standard, where the catalyst bed was refurbished and calibration tests were
conducted. This refurbished engine was subscquently returned to AEDC for continued
experimentation. It must be emphasized that the new thruster (hereafter, referred to as the
refurbished thruster) is the aged thruster; the only difference is the addition of the
refurbished catalyst bed.

This report presents a description of the experiments with the new thruster. Exemplary
data are presented, and comparisons are made to the refurbished thruster results and
CONTAM II predictions (Ref. 2). Table 1 presents a matrix of the test conditions and data
obtained during these experiments. Eight two-day test periods were required to complete the
experimental study. The engine was pulsed approximately 10,650 times.

* Although the melric system of units is used in this report, sev¢ral of the performance parameters of
the engine are presented using engineering units. This mixture of systems is desirable because both
the existing data and the computational base to which the results of this work will be compared use
engineering units. The metric equivalent will be given for the first appearance of a quantity for
which enginecring units are desirable, but subscquent usage will be nonmetric.
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2.0 DESCRIPTION OF TEST CELL, ROCKET ENGINE, AND FUEL SYSTEM
2.1 4- by 10-FT RESEARCH YACUUM CHAMBER

The thruster was contained within the 4- by 10-ft Research Vacuum Chamber (RVC), a
stainless steel vacuum chamber with a blank-off pressure of approximately 1 x 107 torr. A
mechanical pump provided rough pumping, and a diffusion pump provided intermediate
pumping. Final pumping was achieved with a 20°K gaseous-helium (GHe) cryoliner with a
liquid-nitrogen (LN;) radiation shield and a 37-liter-capacity liquid-helium (LHe)-filied
cryopump, also with LN,-cooled radiation shields. The thruster was mounted on a
traversing table with three linear degrees of freedom to permit stationary flow-field
instrumentation. Figure ! is a schematic of the RVC and the engine installation. Complete
details of the chamber, engine installation, and chamber operational procedure may be
found in Ref. L.

2.2 THRUSTER

The thruster used in this experimental program was a Hamilton-Standard REA/CTS
10-18 monopropellant hydrazine thruster. This thruster is the same as that used in
experiments described in Ref. 1 except that the catalyst bed was refurbished for the
experiments reported here. In addition, the internal catalyst bed heater for this refurbished
thruster was operational, whereas on the aged thruster it was inoperational, therefore
requiring the use of an external heater. Unfortunately, with the thruster mounted in the cold
environment of the RVC, the internal catalyst bed heater was incapable of bringing the
initial catalyst bed temperature to 589°K (600°F), and this eliminated three test conditions
that were used in the aged thruster experiments. Complete details of the thruster including
design specifications can be found in Ref. 1.

2.3 FUEL SYSTEM

The propellant system used in these experiments was not the same as that employed for
the aged thruster experiments. However, it was the same system used by the Jet Propulsion
Laboratory (JPL)} (Ref. 3) in contamination experiments with the thruster. As a result of
stricter Air Force safety regulations, extensive modifications had to be made to this system.
Figure 2 is a schematic diagram of the modified system. Preparation and operation of the
sysiem were practically the same as those described in Ref. 1 for the aged thruster. The fuel
used for the present experiments came from the same drum of standard monopropellant-
grade hydrazine, MIL-P-26536C, as used previously.

10
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2.4 THRUSTER OPERATION

Normally the thruster was operated in a pulse mode with a nominal 0.14-sec-on/9.86-sec-
off duty cycle and a nominal 30-pulse sequence. The prepulse catalyst bed temperature,
TcaTs, Was set at either 367°K (200°F) or 478°K (400°F}, and the thruster chamber pressure,
P,, was systematically varied from 85 to 205 psia (5.78 to 13.95 atm). Table 1 should be
consulted for the matrix of thruster test conditions and for their nomenclature as used
throughout this report.

The only exception to pulse mode operation occurred whenever mass flow-rate
measurements were made. In this case the engine was operated in a 60-s¢¢ continuous-burn
mode. :

3.0 DESCRIPTION OF SPECIAL DIAGNOSTIC SYSTEMS
3.1 LASER SYSTEM

The experimental arrangement for all special diagnostic instrumentation is shown
schematically in Fig. 3, The thruster plume flow is into the plane of the figure. An electron
beam system is shown mounted in the RVC instrumentation spoolpiece, but it was not used
in these experiments. The laser system is shown mounted at 45 degrees from the top. The
lasgr was a Holobeam 620 series, pulsed ruby system which was used to provide excitation
for Raman and Rayleigh/Mie scattering. A 15.2- by 1.3-cm {6- by 1/2-in.) ruby rod was used
to provide a horizontally polarized beam; the laser was operated in the conventional mode
that provided a pulse width of 1 msec and an energy of 70 J per pulse at 6,943 A. After
expansion in the ratio 3:1, the laser beam was focused by a 1,000-mm-focal-length lens onto
the thruster axial centerline.

Behind the laser an energy monitor system was installed to correct the scattered-light
intensity for laser energy variations. Essentially the same system was used as was used
previously (Ref. 1), but the photodiode detector was replaced with a 1P28 photomultiplier
tube. The photomultiplier provided a larger detector area which permitted more realistic
determination of laser energy variation. Additional neutral density filtering had to be used,
of course, to prevent saturation of the photomultiplier tube.

Beam alignment procedure as well as more details on the laser system may be found in
Ref. 1,

11
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3.2 SPECTROMETER SYSTEM

Light collection for the laser scatiering system was provided by a 7.6-cm (3-in.)-diam,
30.5-cm (12-in.)-focal-length lens mounied on an optical rail inside the RYC, The lens was
located approximately 30.5 cm (12 in.) from the axial centerline of the RVC and provided a
nearly collimated light beam out to the imaging lens which was 7.6 cm {3 in.) in diameter and
50.8 cm (20 in.) in focal length. The image of the laser beam focal volume was positioned on
the entrance slit of the spectrometer, and an iris aperture was adjusted to obtain a 2.75-mm-
long laser beam. {The slit width was always set at 1.0 mm.) The spectrometer was a
0.5-m-focal-length double spectrometer, the same instrument used during the aged thruster
experiments. Detection of the laser scattered radiation was made with a cooled RCA?®
C31034A photomultiplier tube. At -26°C and with 2,200 v DC, the dark count rate of the
tube and Ortec photon-counting system was approximately 90 counts per second. The
photon-counting electronics used for processing the Raman signals were the same as those of
Ref. 1. Whenever the Rayleigh scattered intensities were monitored, an amplifier/gated
integrator system was used to process the signals from the PMT. Additionally, neutral
density filters and a sheet of HN22 Polaroid®, oriented for passage of horizontally polarized
light, were placed in the collection optics system between the two lenses. Further details of
the spectrometer system may be found in Ref. 1.

3.3 MASS SPECTROMETER SYSTEM

The cryogenically pumped mass spectrometer system used in these experiments was the
same as that used for the refurbished thruster measurements (Ref. 1). The only mechanical
change involved a different valving arrangement that was added for the present experiments
to improve CO, addition to the probe. The probe was accurately aligned on the thruster
axial centerline at a distance of 26.7 em (10.5 in.) from the thruster exit plane when the
thruster was in the axial zero position. Alignment, calibration, and operation of the mass
spectrometer sysiem are described in Ref. 1.

The data acquisition system for the mass spectrometer was improved to permit intrapulse
sampling over a larger mass range than was previously pessible and to permit digital
acquisition {as opposed to the analog, oscillograph method that was used for the aged
thruster measurements).

3.4 QUARTZ CRYSTAL MICROBALANCE

A QCM was used to determine mass deposition rates on a cryogenic surface. The
experimental configuration for the QCM is shown in Fig. 4. In all test periods except the

12
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last, the QCM was positioned so that the crystal surface was 38.7 cm (15.25 in.) from the
center of the thruster exit plane, at an angle of 30 deg from the chamber centerline when the
thruster axis was coincident with the chamber centerline with the thruster located in the
foremost (or axial zero) position. During the last test period the QCM was repositioned so
that the surface was 38.7 cm (15.5 in.) from the exil plane and so that the QCM surface was
at a 42-deg angle from the thruster axis with the thruster in the axial zero position.

Cooling was provided by thermal contact with the RVC GHe cryoheader. The QCM
resistance heaters, contrelled by the thermocouple at the crystal surface, maintained the unit
operating temperature.

Both the operational principle and operation of the QCM have been discussed in detail in
Ref. 1, and data acquisition and reduction technigques were exactly the same as those used
for the experiments of Ref. 1. It should be noted, however, that the QCM used in the present
experiments was not the same as that used for the aged thruster. Differences in calibration
constants were unknown; therefore, all data have been reduced using the calibration
constant employed for the aged thruster results.

4.0 PRESENTATION AND DISCUSSION OF DATA
4.1 RAMAN/RAYLEIGH DATA

The local species number densities of N3, NHj, and H,, as well as the gas temperature,
were measured using Raman scattering at the axial position X = 28.5. Rayleigh scattering
measurements were performed to detect the presence of contaminating particulates and/or
condensation in the expansion flow field; these measurements span the axial range of
28.5 < x =< 280. Although the variation of the Rayleigh scatterring with engine pulse
number was observed in a few cases, most of the Rayleigh data and all of the Raman data
were acquired as cumulative signals over the last 25 pulses of a 30-pulse sequence. Also, the
data were acquired over a 1-msec data gate width which occurred %0 msec into the thrust
interval. Consequently, the data represent an average of 25 data pulses each of which has a

"1-msec time resolution. The details of the data acquisition system, data reduction
procedures, and corrections applied to the experimental data are given in Ref. 1 and will not
be repeated in this report.

Table 2 is & summary of the results obtained using the laser-Raman technique, and Table
3 presents the averaged results for test conditions (TC's) 2S and 2A for which complete data
were obtained. Figure 5 presents both (1) the method of characteristics solution (MOCS)
predicted axial variation of the temperature and number density and (2) the temperatures
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and total number densities measured at the X = 28.5 axial position. A more detailed
discussion of the MOCS results will be presented in a later section.

The Rayleigh scattering photon rate, S;, for molecular species, i, of number density, n;,
can be shown to be

5 = K-a,n. {

where g; is the total Rayleigh cross section for species i. The coefficient K (proportionality
constant} is given by

w2
K- (5, /w )L [fraea/f] resa @
A 3

where P, is the incident laser power of frequency, ¥os Which illuminates the cylindrical focal
volume of length, L. The collection optics subtends at the scattering volume a solid angle,
Af}, at the spherical polar angles, 8 and ¢. Finally, the angular dependence of the Rayleigh
differential cross section, do/dfl, has been written as F(8,9); i.e.,

T 2n

(do/d0); = o, F{0,¢) f_" F(8,¢) d 3
0 0

Therefore, for a gas mixture of J species

J

S = Zsi=xiniai=xn.r2xiai )

]
i=l i=1 i=1

where the mole fraction, X;, is defined to be nj/nr, and
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For a flow-field expansion with reservoir number density, n,, S can be written as

S = Knoasziai (5)

where fiy = ny/n,, which is a calculable quantity characteristic of the expansion process.

The nondimensional Rayleigh ratio, fm’. is defined as

. d
Thy = 5/Kn, N, = ﬁ'rzxi ("i/"Nz) ®
i=1

" iy - " - J
so that Iry is directly proportional to fiy. if the chemistry of the expansion is frozen,l_El X q
is a constant throughout the expansion, neglecting temperature effects of o;.

The coefficient K was evaluated by measuring Sn, for N at 285°K and 200 torr and using
Eq. (1). The calibration quantities are noted with a superscript ‘‘cal' in the following

equation:
Py = (8 /) / (s5 / 5 ™

Table 4 lists the measured values of fmr obtained during test period (TP) 25 at the axial
position X = 45.2. Figure 6 shows the relative behavior of fgy for the initial three pulses of a
30-pulse sequence. These data correspond to the conditions of Table 4, The initial pulse is an
order of magnitude larger in value than the average of Pulses 4 through 30. Further, by
Pulse 4, the value of igy approaches a value that does not vary significantly during the
remainder of the pulse train.

Table 5 presents the axial variations of fgy obtained during TP 26. These data are
graphed in Fig. 7. The estimated uncertainty levels for the Raman and Rayleigh scattering
measurements were determined in the manner described in Ref. 1, and the results are shown
in Table 6.

Comparison of the measured Rayleigh ratio, fgy, with the predicted value requires
knowledge of the mole fractions, X;, and the cross sections, o;; however, the latter set
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of guantities, o;, is not well known. To obtain an approximate value for the set o;, the
electronic polarizabilities, o, were obtained using the molar refractivity, r, values of Ref. 4.
By using the relations

g = (”2’"’i) (ii_l)

and
To= 10° (T'i"l)

where n; is the index of refraction of species i at frequency v, and the electronic polarizabili-
ty of species i, o, was found. The Rayleigh cross section was approximated as

50

and Eq. (6) becomes

RY = 5TE X; (rzi /awi)z (8

The values used for the ratios of Rayleigh cross sections, i/ On,, are 0.219, 0.7185, and 1.598
for Hy, H,;0, and NHj, respectively.

Using the Raman measurements listed in Tabie 2, one finds that the predicted Rayleigh
ratios, Ty, are

. " A
Condition 25 Ipy =1020p

) n N
Condition 2A IRY = 1,025 ng
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so that 'im- = fit to within the uncertainties of the approximations used. Shown in Fig. 7 are
the axial variations of fir for v = 1.2 and for ¥ = 1.3 as determined by an MOCS. It has
been assumed for this calculation that not only is the chemistry frozen but that the specific
heat ratio is also constant throughout the expansion.

Figure 7a shows that the measured values of in exceed the predicted values by a
magnitude which inncreases with increasing x. For example, at X = 28.5, the ratio of
measured and predicted values of TRY varies from 5 to 10, depending on the reservoir condi-
tion. At ¥ = 300 this ratio is about 100. A function that is applicable to condensation pro-
cesses involving such a spatially dependent excess intensity is defined as (Ref. 5)

f= (?RY_GT)/{"T {9)-

where f will depend upon the -y chosen for computing nr. The scattering function, f, fory =
1.2 for the expansion is shown in Fig. 7b for part of the conditions presented in Fig. 7a. The
test conditions 2A and 2B not shown in Fig. 7b have scattering function, f, values in-
termediate to the presented cases. Both TC's 28 and 2C possess an axial coordinate
dependence that rapidly increases at the lower X values and becomes asymptotic at f = 100
for the far-field, large % region. Using Eqs. (6) and (9), one can express [ as

f - 2 X, (ai/aND -1 (10)

so that, barring composition changes in the plume expansion, f should be constant and equal
10 L Xj (oi/an,) - 1. Further, for the flow fields studied in this work, it has been shown that

gxi @i/aﬂz) = 1.02

so that, allowing for uncertainty in these estimates, f should be about +0.1. Figure 7b shows
that the experimental value of f exceeds this value by an order of magnitude at X = 28.5 and
increases as X increases. Furthermore, a mere redistribution of the plume composition
among the species N7, Hj, and NH; will not explain the results, as one can easily show using
Eq. (8) and cross-section ratios. Moreover, presence of either particulate matter or raw fuel
droplets is not a satisfactory or consistent explanation of the results, for if such flow-borne
particulate followed the flow-field expansion, f would be approximately constant. If the
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malerial were concentrated along the axial streamtube, f would increase continually with X.
Finally, vibrational relaxation in the expansion is an unsatisfactory explanation of the axial
dependence of [ because, quite simply, it produces the opposite effect. The most probable
explanation is the presence of condensation processes in the flow field that exhibit similar
axial variations of the scattering function, f. The mathematical model and the physical
interpretation of such behavior for f for condensing flow fields is presented in Ref. 5.

Finally, the Rayleigh ratio Tgy using the results presented in Tables 4 and 5 is shown in
Fig. 7c as a funciion of the independent variable P2-3/T}, and for Tcatp = 478°K, it is seen
that a linear variation results. A linear regression analysis shows that

Try % 10% (Toars = 478°K) < 4.02 - 434 x 10-% (P25,/73) x 1012

for ¥ = 45.2; the units of P, and T, are atm and °K, respectively. The correlation coefficient
for this relation is -0.994, which points up the relations good fit. The dramatic difference in
the value of Try for the lower value of Tcatg for the lower value of P23/T3 indicates that
scaling of Try using only the reservoir parameters P, and T, is not possible.

4.2 MASS SPECTROMETER DATA

Four plume specics of primary concern {N;, NHi;, N,H; H;0) were successfully
monitored as functions of pulse number and intrapulse time for several thruster test
conditions. The results are graphed in Figs. 8 through 22. The dependence of the mole
fraction ratios as functions of pulse number is shown for the four thruster test conditions
with initial Tcarp = 400°F in Figs. 8 through 11. The data correspond to 0.09 sec into the
thruster pulse, which is the time at which laser-Raman data were taken. Noteworthy in the
data are the larger hydrazine levels in the first few pulses for each thruster case. In addition,
the increased NH; dissociation with pulse number can be readily observed. Even though the
hydrazine levels for Pulse | exceed those of succeeding pulses by, in some cases, an order of
magnitude, the resulting contamination of hydrazine from Pulse 1 is equalled in magnitude
by the cumulative effects of the subsequent two to ten engine pulses. Therefore, hydrazine
contamination, as evidenced by mass spectrometric sampling, cannot be attributed primarily
10 an engine start-up process.

Compiled in Table 7 are ammonia-to-nitrogen mole fraction ratios for Pulses 1, 3, 10,
20, and 30 for TC’s 28, 2A, 2B, and 2C. An average ammonia-to-nitrogen ratio for these
pulses is also given in Table 7.
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Intrapulse species variations are presented in Figs. 12 through 19. For the TC's 25, 2A,
2B, and 2C, variations of ammonia-to-nitrogen and hydrazine-to-nitrogen ratios are shown
in Figs. 12 through 15 and 16 through 19, respectively. The data demonstrate the
combination of pressure buildup and heating effects within the combustion chamber. The
spikes associated with both valve opening and closing are visible for the NH3/N; data, The
functional behavior is directly atiributable to the change in ammonia dissociation with
increasing interstitial temperature. The large hydrazine spike associated with valve opening
is prominent for all thruster test conditions and increases with chamber pressure. As
expected, no hydrazine spike was observed with valve closing. The drastic reduction in NaH,
concentration with pulse number is illustrated in Figs. 16 through 19.

Because the amount of hydrazine in the plume was of significant interest, a set of pulse
sequences was run in which the influences of valve inlet pressure and initial catalyst bed
temperature were examined. Regardless of valve inlet pressure and initial Tcarp, the
hydrazine levels were minimal after approximately 10 pulses. For the first few pulses,
however, there was significant variation. Figure 20a demonstrates the dependence of NxH,
level in the plume on inlet pressure for Pulses 1 and 10. The inconsistency of the Pulse 1 data
is representative of the behavior of the first pulse throughout the experiments. At higher
pressure levels, the hydrazine levels of even the tenth pulse are not insignificant. Although
the data are in terms of pure signal, the results can be directly interpreted in terms of level of
hydrazine in the plume. Similar data in terms of N;H4/N; mole fraction ratio are given in
Fig. 20b. Figure 21 demonstrates the decrease in Pulse 1 hydrazine level as the initial catalyst
bed temperature is increased. The increase in hydrazine levels for *‘cold’’ starts is much
more pronounced than the increase in hydrazine concentration with increasing thrust level.

The chemical reaction scheme that describes the hydrazine dissociation process can be
written as

Y —= H ANTIS » 1 . - g
olt, - L H0 22 L0 -XNI3 + L {1-20N, 4 2XHg + - H0 (11)

where H,0 is regarded as an inert constituent and x is the degree of dissociation for the
reaction

3
NiT, 22 -é-N2+E I, (12)
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Defining e to be the degree of dissociation of N;H, for the reaction

——fpe 4
NH, 2 N4 L N

1
3 2

it is shown easily that the mole fractions of the species are given by

e(1+2X)1/ P

]
o
]

de{l =Xx)/ 0

P
=
=

]

x = 3 1—( m

Gex/®

Xu,
where
D = 3+ 204+2x)
Ratios of the mole fractions are given by the following:
xNHa/xN2 = 4{1-X)/(1+2x}
XHE/KNz = 6X/(1+2x)

H, Xp = 3(1-6/
h!H‘/ h2 ( E) E[1+2X}

20

(13)

(14)

(1)

(16)

(17)

(17a)

(18)

(19)
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Further, the ratios of the mass spectrometric signals, which are proportional to the mole
fractions of the respective species, can be used to determine both x and ¢. Since Hy was not
measured with the mhass spectrometer, the degree of dissociation, x, of NH; was determined
using Eq. (18). With this value of x, the degree of dissociation, ¢, of NyH, is determined
from Eq. (20). Finally, with these experimental determinations of x and e, Eqs. (14) through
(16) are used to find the mole fractions of N, NHj, and NH,, respectively. Xy, was found

using
Ex -,

where H,O mole fraction has been neglected because of its small value.

Figures 22a through h show the results of these computations for the various engine
operational conditions. Shown in Figs. 22a through h are the variations of species mole
fractions with pulse number in a 30-pulse train; also shown are the degrees of dissociation of
N;H; and NHj. These results clearly show the increasing values of the degrees of
dissociation of both NaH, and NH;, ¢ and x, resﬁectively. For N3H,, € increases from 2to 6
percent over the 30-pulse sequence, whereas the degree of dissaciation, x, for NH; increases
by a factor of from 2 to 3 during the 30-pulse sequence. As a result, Xy, decreases steadily
with pulse number, reaching an asymptotic level 0 (10 - 10-2), depending on thruster
conditions. NH5 is approximately two-thirds (by volume) of the plume exhaust for Pulse 1
and decreases to approximately one-half of the exhaust at the end of the pulse train. H;
increases with pulse number from about 1 to 10 percent to approximately 25 percent of the
exhaust. Nj is, of course, less sensitive than H; and remains at 20 to 25 percent of the
exhaust.

In regard $o the data shown in Figs. 12 through 15, it should be noted that NH;/N; ratios
are reported which exceed 4.0 in value. Equation (18) shows quite clearly that the maximum
NH4/N; ratio is 4.0, occuring for x = 0. This is clear evidence that interference in the mass
spectrometric signal has resulted from the dissociation of N3N,; i.e., the ionization process
of N2H4

Noll,

s e=—wNI; + N Hte

has produced significant NHj signal, resulting in an excessive value of NH;. For such cases,
for the determination of the mole fraction X,, the maximum value of 4.0 was used for
NH3/N;.

It is of interest to compare the values of x for the dissociation of NH3, which are shown
in Figs. 22a through h, with the equilibrium degree of dissociation, x*®. For the reaction of
Eq. (12) the equilibrium reaction constant, K, is given by
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Al"; A:{l ) l"'; ’15
t (}sz sz%NHE’) (PNz P"z PNHS @)

where «4; and P; are, respectively, the activity coefficient and partial pressure, of the ith
species. With the data quoted by Barrow in Ref. 6 for 723°K and estimates of the fugacity
data for the reaction species, the equilibrium mole fractions of NHj, H;, and N3, as well as
x, were found according to the following relations

1 3 I 2
Pﬁ P’;, /2',.,-“ - (27/4)ﬂ__ . P 22)
2 2 a 1— (xell)E

and

X, = (=x9) e @)

x;"2 = x"/2 (1+x*) 24)

5 - axY/2 (") (25)

where P is the total pressure (atmosphere) of the mixture. The results were obtained for T =
723°K for | = P < 12 atm and are shown in Fig. 22i. Note that 0.95 = y®*1 < 0.98 for the P
range of 12 to 5 atm. This result should be contrasted with the experimental values of x <
0.33. Clearly, the engine reservoir does not resemble an equilibrium reaction system.

The mole fraction data shown in Figs. 22a through d can be used to infer a specific heat

ratio, v, for the expansion, assuming the presence of only gaseous species. The heat capacity
data for NHa, N;, and H; of Ref. 6 were used along with the relation
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y = 2(Epi/n) X, E(Epi/ﬂ) 1 (26)

where Ep, is the constant pressure molar heat capacity for species i and R is the universal
gas constant. With the results of Fig. 22d for Pulse 1 and Eq. 26, Fig. 22j shows ¥ as a
function of T,, the reservoir temperature. It is shown that ¥ ranges from 1.291 at T, =
S00°K to 1.245 for T, = 800°K. Since the reservoir temperature is lower for the first pulses
than for the later pulses in a pulse train, it is believed that 1.27 < y =< 1.29 is a reasonable
range. The results for Pulse 30 of the sequence show that vy ranges from 1.313 to 1.270. The
value of 1.28 for v is reasonable since T, =~ 700°K. Consequently, y is approximately 1.28
for the exhaust as can be inferred from the mass spectrometric data for TC 2C. Similar -
results were obtained for the other cases — i.e., ¥ = 1.27. The inclusion of N;H, for the
Pulse 1 data would tend to lower 4 by no more than 0.015, and 0.010 is more likely. No
significant effect on v of N;H, is expected for Pulse 10 and above.

In contrast, with the Raman results for density and temperature, the assumption of a
frozen v and frozen chemistry expansion, and

/o= (/1)

4 can be determined experimentally. For TC’s 28 and 2A the Raman data for X = 28.5
(Table 2) yield ¥ = 1.22. The individual mole fraction values of both Raman scattering and
mass spectrometric measurements, using Eq. (26), enable the inferential determination of ¥
= 1.30 and 1.29 for TC's 2S and 2A, respectively. Clearly, there is a discrepancy in v, and
the difference is of no small concern.

An MOCS for the expansion was obtained using Whitfield’s boundary-layer correction
{Ref. 7) for the internal flow region, and the results for ¥ = 1.2 and 1.3 are shown in Fig.
22k as a function of axial distance, The mole fraction results indicate that the expansion
follows the ¥ = 1.3 curves; however, with the assumption that np/n, = (T/Tg)'/7- 1, it was
found that v = 1.22 described the expansion. Therefore, the Raman results for n/n, and
T/T, at X = 28.5 lie intermediate to the v = 1.2 and 1.3 curves of Fig. 22k and closer to the
1.2 curve. The magnitude of the boundary-layer correction for this calculation should be
nated, for it is significant for all cases. For T, = 700°K, the effective exit area ratio varies
from 41.1 to 50.7 for the range of P, values studied. The geometric exit area ratio is 55.3.

It is suggested that the r'e_sults which have been presented demonstrate convincingly that
they = 1.3 expansion curve should be followed but that y = 1.22 is the actual heat capacity
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ratio. This situation is indicative of significant condensation in the flow field; Fig. 13 of the
work of Lewis and Williams (Ref. 5) regarding N3 condensation shows just such expansion
history and behavior. Further, comparison of the magnitude of the scattering function, f, of
Figs. 7a and 14 of Ref. 5 further supports this contention.

4.3 QUARTZ CRYSTAL MICROBALANCE (QCM) DATA

Tables 8 through 15 are summaries of the average mass deposition rates averaged over
the last ten pulses (<m> ;) of a 30-pulse sequence. Values marked by an asterisk had a
thruster pulse duration of 0.1 sec with 9.9-sec-off time. Values marked by a plus sign had a
thruster pulse duration of (.276 sec with 9.724-sec-off time.

Figures 23 and 24 show the variation of mass deposition rate, m, detected by the QCM,
as a function of thruster pulse number for TC’s ZS, 2A, 2B, amd 2C, and Toem = 100°K
(Fig. 23) and 144°K (Fig. 24). As observed for the aged thruster, the mass deposition
increases drastically as Tgcy is changed from 144 to 100°K. As the thruster test condition is
changed, the mass deposition increases with increasing thrust level. The first 5 to 10 pulses
always exhibit higher deposition rates than the last 10 pulses, but at Tocy = 100°K the mass
deposition is more uniform throughout the pulse sequence. Figure 25 shows a series of 8
pulse sequences for Tocy = 144°K and TC 2A; the spread in m values can be readily
observed. )

Figures 26 and 27 present normalized mass deposition rates as functions of thruster inlet
pressure for Toem = 100 and 144°K, respectively. It can be observed that both normalized
first-pulse rates and <>, values are linear with inlet pressure. For each Tqcum value, the
mass deposition rates are normalized to the value measured at TC 2A. Figure 28 also
presents normalized mass deposition rates as functions of thruster inlet pressure for initial
catalyst bed temperatures of 200 and 400°K. The increased mass deposition for the lower
TcaTe value is readily observed.

Figure 29 presents mass deposition rate as a function of thruster pulse number for
various values of the thruster horizontal position; this gives an effective variation of mass
deposition rate with angular position of the thruster (see Fig. 4). The <>, values
obtained from data such as shown in Fig. 29 are plotted as a function of effective # in Fig. 30
for Tocm = 144°K. The data are normalized to the @ = 30 deg value, and a plot of the Hill-
Draper function (Ref. 5) is also shown with & = 10.0. The experimental data fit the
calculated curve very well for 0 < & <« 30 deg. However, as § increases past 30 deg, the
experimental values are increasingly higher than those predicted. Several values for Toem =
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100°K are also shown. For this lower temperature the data do not exhibit as much
dependence on the 8 values as for Tocm = 144°K; therefore, the Hill-Draper model with
5 = 10.0 is inadequate for predicting the angular dependence of the mass deposition rate.

4.4 ENGINE PERFORMANCE DATA

A detailed discussion of the thruster calibration process has been presented in Ref. 1.
Calibration of the refurbished thruster was performed using the method described in Ref. 1
during the second test period in which the thruster was installed (TP 20). The calibrations
were checked during several subsequent test periods, and reasonable consistency was
observed.

The pulsed-mode thruster calibrations are shown in Fig. 31. The ordinate in Fig. 31 is the
peak pressure during Pulse 25 of a sequence. The initial catalyst bed temperature was held as
near as possible to 400°F, but the internal catalyst bed heater was not very effective in
controlling the bed temperature. The duty cycle for the engine was 0.138 sec on/9.862 sec
off. Cost considerations prohibited a posttest calibration. .

The refurbished (or new) thruster arrived at AEDC without thermocouples attached.
Three Chromel®Alumel® thermocouples were attached at AEDC. Two of the
thermocouples were located near the original thermocouple locations — in the thruster
chamber and at the threat. Figure 32 shows the external wall temperature of the catalyst bed
chamber as a function of inlet pressure for Pulse 25 of a sequence.

The initial performances of the aged thruster and the refurbished thrustier were
approximately the same (Ref. 1). Therefore, the test matrix chosen for the refurbished
thruster was essentially the same as that used for the aged thruster. The only difference was
that the initial 600°F catalyst bed temperature cases had to be eliminated because of the
inability of the internal heater to bring the bed to that temperature. The test matrix for the
new thruster experiments is given in Table .

The pulse shape of the thruster was investigated for the conditions of interest by using
the same close-coupled 250-psia pressure transducer as used for the aged thruster. The data
were recorded for pulse sequences of 60 pulses each for the 400°F initial bed temperature
cases. Typical results for Pulses 1 and 60 for each of these cases are shown in Figs, 33
through 36. Zero time corresponds to the initiation of valve current; valve closing begins at
138 msec. The first pulses of a sequence were nol always consistent in behavior; an example
of this is given in Fig. 36. The erratic behavior was uncommon, but it occasionally occurred
for any thrust condition. The second pulse was generally back to normal; however, in one
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instance three of these *‘chug™ pulses were observed before normal start-up. The stair-step
appearance of the data is an artifact of the digital data acquisition. The intrapulse variations
of wall temperature will not be presented since only minute changes could be observed
during a pulse.

Thruster operation during steady-state burns was also investigated. Figures 37 and 38
demonstrate the behavior of the combustion chamber pressure during a continuous, 60-sec
firing for inlet pressures of 147 and 230 psia, respectively. Also included on the figures are
the value of the final lower wall temperature and the steady mass flow rate for each case.
Firings were not exactly 60 sec in duration because thruster operation was manually

terminated for these firings, The mass flow measurements were made using a Lee viscojet as
described in Ref. 1.

The pulse-to-pulse variation in thruster performance was a major concern of the
experiment, and it was investigated for pulse sequences of 30 pulses in duration. The outer
wall of the thrust chamber had two Chromel-Alumel thermocouples attached to it. One was
labeled T a1p and the other Topyme- They were located approximately 1/8 in. apart. Results
for the two temperature measurements as functions of pulse number are given for the four
thrust conditions in Figs. 39 through 46. The variation of initial catalyst bed temperature for
these data demonstrates the difficulty in maintaining a constant starting bed temperature
using the internal heater. The variations in thrust chamber pressure with pulse number are
demonstrated for the four thrust cases in Figs. 47 through 50. The ordinate of these figures is
the maximum pressure that occurred at any point during the pulse. The pressure values are
plotted on a scale with sufficient detail to show the minor variations from pulse to pulse.

The chamber performance during the refurbished thruster experiments was nominally
the same as for the aged thruster. During engine operation the simulated altitude in the
chamber was maintained at 90 to 100 km for test conditions except steady-state burns. For
steady-state burns the vacuum chamber pressure reached a value of approximately 2 x 103
torr, or a simulated altitlude of approximately 85 km, and remained basically constant
throughout the burn.

5.0 COMPARISON OF REFURBISHED AND AGED THRUSTER
RESULTS AND CONTAM Il PREDICTIONS

5.1 COMPARISON OF SPECIES DENSITIES AND PLUME TEMPERATURES
Table 17 presents a comparison of average species density and temperature values

obtained using laser-Raman scattering for both the aged and refurbished thruster. The data
were obtained at the X = 28.5 axial position (0.5 in. from the thruster exit plane) at TC's 28

and 2A, The data compare very well when the total measurement uncertainty is considered.
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The aged thruster results do show higher n{H;)/n(Ny) and Tp/T, values, and the values of y
obtained using the flow-field density and temperature data show y = 1.26 for the aged
thruster and ¥ = 1.22 for the refurbished thruster.

The CONTAM 1 subprogram N2H4 was run at AEDC for the monopropellant thruster;
the results are shown in Table 18. The mole fractions are averaged over the last 20 pulsesin a
25-pulse sequence; they are the values predicted to exist at 90 msec into the thruster pulse,
which is the time at which laser-Raman data were obtained.

The CONTAM 11 subprogram MULTRAN was also run at AEDC to predict the axiat
variation of temperature and number density; the results are presented in Fig. 7. The axial
variation of T/T, as predicted by CONTAM Il usingy = 1.2isin good agreement with the

= 1,2 MOCS prediction with the exception of the region near X = 26. The refurbished
thruster Tg/T, values agree very well with the CONTAM I1 and y = 1.2 MOCS predictions.
The aged thruster Tp/T, values fall between the MOCS predictions as expected from the ¥
values determined using species mole fractions. The agreement of CONTAM II with the
MOCS result is not understood because the MOCS calculation included a significant
correction caused by the nozzle boundary layer and the CONTAM 11 did not.

5.2 COMPARISON OF PLUME SPECIES MOLE FRACTION RATIOS

Intrapulse variation of n(NH1)/n{N;) for TC 2A is shown in Fig. 13 for both the
refurbished and aged thruster; the intrapulse behaviors are quite different. For the aged
thruster the first-pulse n(NHz)/n(N;) value remains high and steady throughout the pulse,
whereas for the refurbished thruster the n{NH3)/n({N;)} values reach an early maximum
associated with inlet vlave opening and declines rapidly throughout the remainder of the
pulse until valve closing. For the aged thruster Pulse 25 exhibits a behavior very similar to
Pulse 1 of the refurbished thruster. Pulse 30 of the refurbished thruster has n{NHs)/n{N2)
values that show a slight increase at valve opening and remain steady at a low level
throughout the pulse until valve closing.

Pulse-to-pulse variations of mole fraction ratios of minor species exhibit perhaps the
greatcsl difference between aged and refurbished thrusters. Figure 51 presents the variation
of species mole fraction ratios as a function of pulse number for TC 2B. Again the
n(NH3)/n(N>) values for both thrusters are quite similar. However, the refurbished thruster
shows plume N,H,4 an order of magnitude less than the aged thruster.

5.3 COMPARISON OF RAYLEIGH SCATTERING LEVELS

Rayleigh scattering levels, Tmu measured in the two thruster plumes are compared in
Table 20 for the TC’s 25 and 2A. The scattering function, f, defined by Eq. (9), was
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evaluated for 4 = 1.2 and is also tabulated in Table 20. As observed in Table 20, the f
factors for the aged thruster are approximately a factor of 50 greater than those for the
refurbished thruster. Nevertheless, the Rayleigh scattering levels for the refurbished thruster
remain more than an order of magnitude greater than expected (as can be observed in Table
20 and Fig. 7) for a noncondensing, particulate-free plume expansion.

To investigate these large levels of Rayleigh scatiering, an experiment was designed,
simulating the thruster plume expansion in the RVC. A nozzle assenibly was fabricated to
duplicate the nozzle of the thruster, and the assembly was attached to a GTE-Sylvania
heated source as described in Ref. 4. A set of three mixtures was prepared by the AEDC
Chemical Laboratory. The first two mixtures simulated a plume v = 1.2, and the third
mixture simulated a plume ¥ = 1.25, The first mixture was prepared using only N; and NH;
with the NHj3 mole fraction set1 to equal that predicted by CONTAM II for TC 2S. The N3
mole fraction was set equal to the sum of the H> and N, mole fractions predicted by
CONTAM Il for TC 25. For the second mixture, the N;, H,, and NH; mole fractions were
those predicted by CONTAM Il for TC 2S. For the third mixture the mole lractions of N,,
H,, and NH; were determined using Fig. 90 of Ref. 1.

The mixtures were permitted to flow steadily through the heated source/nozzle
assembly, and the reservoir pressure and (emperature were set to equal the values of TC 28
as given in Table 19. The flow could be maintained for approximately 60 sec when Hj was a
mixture constituent before the RVC pressure reached a level of 10 mtorr.

The collection optics, dispersion, and detection system was the same as that used for the
thruster measurements. However, instead of a pulsed ruby laser, a continuous argon-ion
laser was used as a light source at a wavelength of 5,145 A.

Results of these experiments for X = 78.5 are listed in Table 20. The y = 1.2 and 1.25
mixtures of N.-Hs-WH; have Rayleigh scattering levels that bracket those observed for the
refurbished thruster. The f factor for the y = 1.2 N>-H;-NHj mixture is approximately a
factor of 2 higher, and the f factor for the ¥ = 1.25 Nj-H>-NH; mixture is approximately a
factor of 2 lower than the f factor for the refurbished thruster at TC 28S. It is believed that
the high Rayleigh levels for the refurbished thruster are a direct result of species
condensation in the plume flow field. Figure 52 is a pressure-temperature plot with the vapor
pressure curves of N;Hy, H;O, NH;, and N; as well asy = 1.2 and 1.3 isentropes for TC 25
reservoir conditions. From the NH; isentrope intersections of the NH; vapor pressure curve
and the vy = 1.2 and 1.3 axial variations of T/T,, it can be seen that the NH; saturation
occurs fromX = 9.5(y = 1.3)to X = 34 (y = 1.2). Note in Fig. 52 that H,0 and N;H, begin
condensing much earlier. Based on previous experiments with an N»-CO, mixture (Ref. 6),
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the H,O and N;H,4 condensate can provide nucleation sites that will bring about NH;
condensation near the saturation point. -

It is believed that the high Rayleigh scattering levels for the aged thruster resulted from
raw fuel traveling down the axial centerline. This explanation is supported by the high mass
deposition rate measured on the axial centerline, the particle sampling measurements, and
the radial Rayleigh scattering profiles that reveal extremely high levels only on the axial
centerline (see Ref. 1).

5.4 COMPARISON OF MASS DEPOSITION RATES

In general, throughout the testing of the aged thruster, the measured mass depositions -
steadily increased until the “‘thruster catastrophe’’ occurred, which resulted in saturation of
the QCM with just a few thruster pulses. Comparisons of <m> |, values for the aged and
new thruster averaged over each thruster’s experimental period are presented in Table 21;
the values are in fair agreement to within the estimated data uncertainty.

There are, however, two major differences between the aged and refurbished thrusters
with regard to mass deposition rates. The Pulse 1 mass deposition rates for the refurbished
thruster are, on the average, approximately a factor of 3 higher than the <> |, values,
whereas for the aged thruster Pulse 1, the rates are an order of magnitude, or more, greater
than the <m>, values. The aged thruster axial centerline mass deposition rates were
approximately a factor of 2 higher than expected as indicated by the behavior of the angular
variation of off-axis mass deposition rates which followed the Hill-Draper function very
well. Although axial centerline mass depositions were not obtained for the refurbished
thruster, the effective angular variations were made within 7 deg of the axis, and the results
indicate that an abmormal mass deposition rate should not be expected on the axial
centerline.

5.5 COMPARISON OF ENGINE PERFORMANCE

The thruster peak chamber pressure versus inlet pressure calibrations for the aged and
refurbished thrusters agree very well. The intrapulse variations of thruster chamber pressure
also agree well. The variations of the catalyst bed lower wall temperature (Pulse 25 of a
sequence) versus inlet pressure reveal that the refurbished thruster was about 50 10 75°K
hotter than the aged thruster after its ''catastrophe.” However, an earlier calibration of the
aged thruster taken before the catastrophe shows good agreement between catalyst bed
lower wall temperatures, Examination of the pulse-to-pulse variations of catatyst bed lower
wall temperature also reveals that the refurbished thruster warmed up much more rapidly
over the first ten pulses than the aged thruster did. Conversely, pulse-to-pulse variations of
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thruster peak chamber pressure reveal that the aged thruster chamber pressure increased
more rapidly over the first ten pulses did that of the refurbished thruster.

6.0 SUMMARY OF RESULTS

The final phase of a measurements program for a 0.1 Ibf monopropellant thruster has
been completed, and the thruster exhaust plume has been characterized by utilizing a variety
of noninterfering plume diagnostic techniques. The conclusions that can be made with
regard to the results of these measurements are listed as follows:

1. Laser-Raman measurements of species mole fractions are in reasonable (+20
percent) agreement with mass spectrometric measurements for species for
which data were acquired using both techniques. Further, these mole fractions
are in reasonable agreement { + 20 percent) with the predictions of CONTAM 11
for mole fractions in the engine reservoir. This resuit confirms the assumption
of chemically frozen flow.

2. Raman scattering data for np/n, and T/T, are in approximate (% 20 percent)
agreement with an AEDC MOCS calculation with boundary-layer corrections
that are significant for the expansions studied. Curiously, the MULTRAN
subprogram of CONTAM Il predicted acceptable T/T, results (within +15
percent of MOCS) but grossly inaccurate nt/n, values (~ 50 percent lower than
MOCS) and did this with no boundary-layer correction. Including the
boundary layer in MULTRAN would have worsened the agreement with T/T,
and bettered the ny/n, predictions.

3. Rayleigh scattering measurements indicate a significant quantity of condensate
in the thruster plume. This has been verified in a particulate-free simulated
thruster plume. If a condensate diameter of 50A is assumed, the condensate
mole fraction is calculated to be on the order of 105, The results also indicate
that any computer code (such as CONTAM I1 subprogram KINCON) that does
not consider the kinetics of condensation processes and the condensation of
multiple species will be inadequate.

4. Rayleigh scattering levels in the new thruster plume are more than an order of
magnitude less than those observed for the aged thruster. This indicates fewer
and/or smaller particulates in the new thruster plume. During the initial pulses
of a pulse sequence, the Rayleigh scattering level is an order of magnitude
higher than the average of the last 10 pulses in a 30-pulse sequence.
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The mass spectrometer indicates large quantities of hydrazine (mole fraction =
0.02 to 0.05) in the forward-flow plume region for all operating conditions
during the first few pulses of a pulse sequence. However, the amount of
hydrazine is an order of magnitude less than that observed in the aged thruster
plume.

. QCM mass deposition measurements also indicate significant amounts of NoHy

and H;0O present in the initial pulses from a pulse sequence at all thruster
operating conditions, However, the Pulse 1 mass deposition rates are only a
factor of 3 higher than the average rate of the last 10 pulses, whereas for the
aged thruster the Pulse | values were an order of magnitude or more greater
than the average rate of the last 10 pulses.

The angular variation of the relative (not absolute) mass deposition rate as
measured by the QCM at a temperature of 144°K is described within +15
percent by the Hill-Draper model over the angular range of from 7 to 30 deg
with a plume *‘slenderness’’ parameter 8 = 10,0, For 30 deg < # < 44 deg, the
mass flux exceeds the prediction by as much as an order of magnitude.
However, for Tocu = 100°K the Hill-Draper prediction can be as much as a
factor of 2 greater than measured values for § = 10.0. Consequently, this
model is of limited use for prediction of mass flux.

. QCM mass deposition measurements indicate a near linear variation with

thruster inlet pressure, and initial catalyst bed temperature can increase the
mass deposition rate by as much as 50 percent.

. Laser-Raman and mass spectrometer mole fraction measurements indicate an

average plume ¥y = 1.27 to 1.29, whereas for the aged thruster an average
plume ¥ = 1.25 was measured.

To within experimental uncertainty, the average mass depaosition rates of the
last 10 pulses for the refurbished and aged thrusters are in agreement.

Engine performance measurements indicate that the only significant difference
between the performances of the refurbished and aged thrusters is a higher
catalyst bed lower wall temperature for the former. Consequently, engine
performance parameters are not accurate indicators for flow-field and
contamination characterization.
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Figure 24. Mass deposition rate versus pulse number

for TC's 28, 2A, 2B, and 2C, Tgcm = 144°K.
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Figure 25. Mass depasition rate versus pulse number for several
pulse saquences at TC 2A, Taem = 144°K,
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Figure 26. Normalized mass deposition rates as a function of inlet pressurs,
TQCM = 1UU°K, g = 30.01 deg.
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Figure 27. Normalized mass deposition rates as a function of inlet pressure,
Tacm = 144°K, 0 = 19.79 deg.
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Figure 28. Normalized mass deposition rates as a function of inlet pressure,
for initial catalyst bed temperatures of 200 and 400°F
Tacwm = 126 to 130°K, 6 =19.79 deg.
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Figure 29, Mass deposition rate versus pulse number for several
thruster positions, TC 2A, Taem = 144°K.
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Figure 31. Thruster calibration, Tcars = 478°K {(400°F).
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Figure 36. Thruster pulse shape for Pyy = 344 psia.

¥5-64-41-203V



8

'#200

Cc

Chamber Pressure, P_, psia

b

pIN = 147 psia
Initial Bed Temperature = 400°F 4180
. o
?clw Final -1,300 F J160
m=6.7x 10 1bm/sec
— 140
—4120
JL = -1 100
\ - 80
-1 60
-1 40
-1 20
] | ] | ] ] ] | ] | | |
60 59 58 57 56 55 54 5 4 3 2 1

~— Time, sec

Figure 37. Thruster chamber pressure for a steady-state firing, P,y = 147 psia.
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Figure 41. Catalyst bed temperature, Tcome. versus pulse number, TC 2A.
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Figure 42. Catatyst bed tamperature, T¢ 57, versus pulse number, TC 2A.
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Figure 45. Catalyst bed temperature, Teom g, versus pulse number, TC 2C.
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Figure 47. Combustion chamber pressure, P, versus pulse numbaer, TC 28S.
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Figure 49. Combustion chamber pressure, P, versus pulse number, TC 2B.
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Figure 51. Species mole fraction ratio versus pulse number, TC 2B.
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Table 1. Thruster Test Conditions and Data Matrix

¥9-64-4Y1-003YV

PIN’ Pc’ Initial Thrust, Raman Data Rayleigh Mass QcM
TC psia psia TCATB , on 1bf Na;{aﬁzit Dataécﬁ:ial Spec;:::eter Data
1A 229 135 200 0.165 X x
1B 298 175 200 0.212 X x
1C 344 205 200 0.255 x X x
25 145 85 400 0.1 X x X
24 229 135 400 0.165 x x x x
2B 298 175 400 0.212 x X X x
2C 344 205 400 0.255 X x X X
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Tabte 2. Laser-Raman Results

Axtal Position n(N,), n(H,), n(NH,}, T Tas To Nor Tears
P ¢ | x,1n. x cu > 3 - ca? e 3 K T /T, %k en”3 1'%;131
== == —— ==
16 19
23 | 2a | 0.5 | 285 | 3.0x10 726 | 9.49 x 10 400
4.05 x 10'%
4.25 x 10'%
16 20
23 | 2| o.5 | 28.5 | a.72x 10 776 1,287 x 10 500
4.50 x 10'®
16 16 19
2 | 25| 0.5 | 28.5 | z.70 x 10 2,31 x 10 153 | 0.227 | 675 | 6.73 % 10 400
- 24 163 | 0.222 | 738 | 9.38 x 0"
2c 156 | 0.201 | 778 1.2181 = 1020
16 16 16 16 19
25 | 25| 0.5 | 285 | 2.45x10 2.35 x 10 1.30 x 10 8.1 x 10 148 | 0.227 | 653 7.00 x 10 400
2.33 x 1016 !
|l o5 | 2805 | 2.57 x 10" | 2.70 x 10" | 3.89 x 10" | 9.16 x 10" | 153 | 0.215 | 710 | 9.67 x 10" | o0
28 3.35 x 10'® 739 1.186 x 1020 | 400
2¢ 2.71 x 10'® 757 v.326 x 1020 | 400
16 16 20
1A 2,24 x 10 2.22 % 10 679 1.012 x 10 200
1B 3.19 x 10'8 1T 1.226 x 1020 | 200
16 16 20
1¢ 2.93 x 10 3.16 x 10 730 1.372 x 10 200
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Table 3. Average Laser-Raman Results

TC n{H5) /n(N3) n{Nz), em™3 n(H3), cm—3 n(NHy), em-3 Tp/To “Tl“o n(NH3) /n(N;)
1'=.."=;=
25 0.936 2.49 x 1016 2.33 x 1016 3,30 x 1016 0.227 1.18 x 1073 1.33
2 1.051 2,57 x 106 2,70 x 1016 3.89 x 1016 0.215 9.47 x 104 1.51
sl ”~
Table 4. 1gy Values, TP 25, x = 45.2
- -3 Yy = 1.2
TC IRY To’ n_, {cm ) nlno
28 3.71 x 10 653 7.00 x 1019 4.3 x 1074
24 3.61 x 1073 710 9.67 x 1019
28 3.04 x 10~3 739 1,186 x 1020
2C 2,78 x 1073 757 1.326 x 1920
1A 5.07 x 10~2 679 1.013 x 1020
1c 2.49 x 1073 730 1372 x 1020 4.3 x 10-4
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Table 5. Tn v Values, TP 26

% TC 28 TC 2A TC 2B TC 2C TC 1A TC 1B
—— -— —— |
278.5 3.35 x 1074 3.55 x 1074 2,32 x 1074 1.96 x 10~4 2,48 x 10-4 2,17 x 10=4
211.8 5.34 x 1074 4.12 x 1074 3.71 x 10°% | 3,80 x 1074 | 4.11 x 1074 2.35 x 1074
145.2 8.29 x 10-4 6.38 x 10-4 5,97 x 10~% 4.81 x 10~4 6.51 x 10~4 3,95 x 1n=4
111.8 1.57 x 1072 8.47 x 10-4 1.26 x 1073 9.67 x 10-4 1,28 x 10-3 5.95 x 10™4
78,5 2,08 x 1073 1.21 % 1073 1.50 x 10-3 1.68 x 10-3 1.99 x 1073 1.17 x 1073
45,2 3,83 x 10~3 3,10 x 103
28.5 1.12 x 10-2 8,14 x 1073 8.15 x 1073 5.75 < 1073 7.98 x 10-3 4.80 x 10-3
Table 6. Estimated Data Uncertainties' -
Masgs
Rayleigh Raman Spectrometer QCM QCM
II{_fRY) = ;13 percent ti(Nz} --=Mbtd;4 ;e;cent +20 pe;c‘:t-a-nll: ) *57 percent"— .-tétl—;'.i;:cent
"-‘(Hz) = %13 percent
U(Nﬂa) = *18 percent
U(TR) = *14 percent
Table 7. Far-Field Ammonia-to-Nitrogen Mole Fraction Ratios.
Pulse
Number TC 25 TC 2A TC 2B TC 2C Average
1 3.21 3.79 2.84 2.68 3.13
5 | 2.56 1.61 1.83 1.96 1.99
10 2,28 1.46 1.84 1.80 1.85
20 2.01 1.43 1.84 1.75 1.76
30 1.86 1.60 1.81 1.81 1.77

bS-GL-HL-DA3V



AEDC-TR-79-54

Table B. Average Mass Desposition Rates, TC 25

T C z, x, DR <mpr 10s 8, Rz.

(4 in. in, TP Number go/cm? «sec deg cos & en
130 | 21.21 7.63 20 18 9.76 x 1070 19,79 0.984 3.278 = 10°
172 28 5.08 x 10~7
152 33* 2.05 x 1076
147 [Ty 3.62 x 10~6
144 20 15 1.46 x 1076
125 21 1 2,28 x 10~8

2 2.31 x 1076

15 1.83 x 10~6

17 3.58 x 10~
21.21 21 2.55 x 10-6 19.79 0.984 3.278 x 103
125 | 13.21 3 1.33 x 1076 30,01 1.0 1.501 x 103
146 [ 13.21 21 35 3.66 x 10~7 30.M 1.0 1,501 x 103
100 | 21,21 22 1 5.97 x 1073 19.79 0.984 3,278 = 103
166 | 21.21 4 1.57 x 1078 19,79 0.984 3,278 x 103
10 | 13.21 2 5.88 x 10-5 30,01 1.0 1.501 x 103
7.63 25 5.92 x 1073 30.01 1.0 1.501 x 109
5.63 26 1.50 x 1074 19.32 0.983 1,264 x 107
100 2.63 27 2,11 x 107 11.26 0.947 1,170 x 103
172 | 13,21 0.63 22 29 7.51 % 10~7 2.73 0.589 1.128 x 103
144 | 1421 7.63 23 42 .07 x 10~6 28.23 | ~1.0 1.678 x 107
15.21 23 43 8.33 x 10-6 28.23 1,678 x 107
13,1 24 2 9.90 x 1077 29.10 1,588 x 107

3 8,13 x 107

4 5.85 x 10=7

5 8.63 x 1077

6 1.10 x 1078

7 1.03 x 107

B 9.06 x 10~7

a5 1 9.51 x 10~7

12 1.36 x 1076

17 1.03 x 10~E

18 9.17 x 1077

19 7.48 x 10~7
13.71 7.63 25 20 1.06 x 1076 29.10 1.588 x 107
19.52 10.37 1 1.15 x 108 27.98 3.152 x 103
19.52 2 9.50 x 107 27.98 1,152 x 103
17.52 1 2.13 x 107 10.62 | ~1.0 2.674 x 103
15.52 14 3.57 x 107 33.75 0.998 2.248 x 103
14,52 23 3.22 x 1077 35,53 0.995 2.054 x 103
13.52 29 1.15 x 10~7 37.49 0.991 1.873 x 103
12.02 34 2.08 x 1077 40.79 0.982 1.626 x 107
13.52 40 2.87 x 10~7 37.49 0.991 1.873 x 103
144 | 12.52 10.137 26 32 5.89 x 10”7 39.63 0.986 1.705 x 103

* Thrugter pulse duration of 0.1 sec with 9.9-sec—off time,

+ Thruster pulse duration of 0.276 sec with 9.724-gec—off time.
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Table 9. Average Mass Desposition Rates, TC 2A

'rqom, z, %, DR "7‘;10, ! g, RZ,2
K in, in, TP Number gmfem” - sec deg cos ¢ cm
130 | 21,21 7.63 | 20 19 9.76 x 106 | 19.79 | 0.984 | 3.278 x 103
155 32" 2.47 x 1076
144 ' 3 5.14 x 1076
125 21 3 3.69 x 1076
125 | 21.21 18 6.36 x 1076 19.79 0.984 3.278 x 107
125 | 1.1 1z 2.54 x 1076 30.01 1,0 1,501 x 103
144 7.63 £13 1.16 x 1078 30.01 1.0 1.501 x 103
1.63 19 9.10 x 10-6 7.03 0.921 1.143 x 103
2.63 40 9.73 x 1076 11.26 0.947 1.170 x 102
3.63 42 7.43 % 10~6 15,37 D.968 1.211 x 103
4.63 43 5.62 x 1076 19,32 0,983 1.264 x 107
5.63 . 44 3.74 x 1076 23.08 0.993 1.330 x 103
6.53 45 z.14 x 10™€ 26.65 0.998 1.409 x 103
7.63 46 1,15 x 1078 30.01 1.0 1.501 x 103
13.21 8.63 47 6.51 x 107 33.16 0.998 1,606 x 103
14.21 7.63 49 1.36 x 1078 28.23 | ~1.0 1.678 x 10°
15.21 50 1.66 x 1078 26.64 0.998 1,868 x 107
16.21 51 1.76 x 10°° 25.21 0.996 | 2,071 x 107
17,21 52 2,05 x 1070 23,91 0.994 | 2.286 x 103
1 | 18.21 21 53 1.94 x 1076 21.73 0.592 2.515 x 103
1o | 21.21 22 2 8.20 x 1073 19,79 0.984 3.278 % 103
146 | 21.21 5 2.20 x 107° 19.79 D.984 3,278 x 103
20,21 8 2,15 x 1078 20.68 0.957 3.011 x 103
19,21 3 2.20 x 1076 21,66 n.989 2.756 x 103
18,21 10 2.13 x 1076 22.73 0.992 2.515 x 10°
17.21 1 2.03 x 1076 23.81 0.994 2,286 x 103
16.21 12 1.96 = 1076 25.21 0.996 2.071 x 107
15,21 13 1.79 x 1076 26.64 0.998 1.868 x 103 | -
14,21 14 1,61 x 1078 28.23 | -1.9 1.678 x 103
13.21 7.63 15 1.42 x 1078 10.01 1.0 1.501 x 103
0.63 16 B.57 x 107 2,73 0.989 1.128 x 107
1.63 17 1.07 x 1077 7.03 0.921 1.143 x 103
2.63 18 1.00 x 1073 1,26 | o0.947 1.170 x 10°
3.63 19 7.64 x 1075 15.37 0.958 1.211 x 103
1446 | 13,21 4,63 22 20 .77 x 1075 19,32 0.983 1,264 x 103

* Thruster pulse duration of 0.1 sec with 9.%-mac~ofif time
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Table 9. Concluded

100
172

144

H I

in.

13.21

13.21
3.7

13.71
14.21
13.1

13,71
19,52
17,52
15,52
14,52
13,52
12,52
12,02
11,52

11.52

%, DR <o y0s 8, r?,
in. TP Rumber gn/com?-gec deg cos ¢ cn?
|
7.63 22 22 8.16 x 1073 30.01 1.0 1.501 x 10°
0.63 30 7.28 x 1077 2.73 | o0.889 1.128 x 10%
2.63 31 1.36 x 10°° 11.26 0.947 1.170 x 10°
4.63 12 9.05 x 1077 | 19.32 | o0.983 1,266 x 10°
5.63 | 22 33 4.86 x 1077 | 23.08 | 0.993 1,330 x 10°
7.63 23 2 8.77x 1078 | 20,10 | -1.0 1.588 x 103
23 9.06 x 107°
24 1.56 x 1070
25 1.79 x 1070 29,10 1.588 x 103
4 8.5¢ x 1070 28,23 . 1.678 x 107
47 B.64 x 107° 29,10 1.588 x 10°
23 48 .57 x 107°
24 9 1.59 x 1078
10 1.48 x 1070
11 1,52 x 1078
12 1.41 x 107
13 1.20 x 107°
14 1.56 x 108
15 2.46 x 10°%
7.63 | 24 16 1.40 x 10°% | 20.10 1.588 x 10%
10,37 | 28 3 3,50 x 1077 | 27.98 3.152 x 107
10 6.06 x 10~ 30.62 | ~1.0 2.674 x 10°
15 4,91 x 10°7 33.75 | 0.998 | 2.248 x 107
22 3.58 x 10~ 35.53 | 0.995 | 2.054 x 10°
28 3.90 x 1077 | 17.49 | o.em 1.873 x 10°
33 2.50 x 1077 39.62 ¢.986 1,705 x 103
s 1.95 x 1077 | 40,79 | 9.9082 1.626 x 10°
10237 41 2.22x 3077 | 41,99 | o.978 1.550 x 10°
1.37 42 1.57 x 107 16.31 0.972 9.29 x 102
4.37 43 5.20 x 10°° | 20.77 | o0.987 9.79 x 302
5.37 4 4,33 x 1070 24.99 | 0.996 1.042 x 107
6.37 45 1.51 x 10°° 28,94 | ~1.0 1.118 x 10°
7,37 46 1.29 x 10°% | 132,61 0.999 1.207 x 107
12,57 | 26 47 1.68 x 1077 | 47,50 | 0.954 | 1.876 x 10
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Table 10. Average Mass Deposition Rates, TC 2B-

Toew | =, X, - DR <G>0 8 | com s R,
s in. in, Humber | gmfcml-sec deg em?
= —f—————r
130 | 21.21 | 7.63 | 20 20 1.99 x 10-5 | 19,79 | 0.984 3.278 x 103
159 20 A 1.80 x 10-6
144 20 37 6.17 x 1076
125 21 4 4,91 x 106
4,82 x 10-6
4.66 x 10-6
21.21 19 7.45 x 106 | 19.79 | 0.984 1,278 x 103
125 | 13.21 33 3.54 x 1076 | 30.01 | 1.0 1.501 x 103
144 | 13.21 21 37 1.58 x 106 | 30,00 | 1.0 1.501 x 103
100 | 21,21 22 3 9:83 x 105 | 19.79 | 0.984 3.278 x 103
144 | 21.21 22 6 2,51 x 106 | 19.79 | o0.984 3,278 x 103
100 | 13.21 22 23 9.78 x 1073 | 30.M 1.0 1,501 x 103
146 | 14.21 23 45 9.83 x 106 |28.23 |-1.0 1.678 x 103
13.711 24 17 1.48 x 1076 | 29,10 1.588 x 103
18 1.43 x 1076
19 1.37 x 1076
20 1.83 x 10-6
21 1,69 x 106
22 1.99 x 106
23 1.88 x 10-6
24 24 2.04 x 1076
13.711 | 7.63 | 25 6 1.71 x 10°6 | 29,10 1.588 x 103
17.52 [10.37 | 26 9 6.34 x 10-7 |30.62 {~1.0 2,674 x 103
15,52 16 5.07 x 107 |33.75 | 0.9es 2.248 x 103
14,52 21 B.72 x 1077 | 35.53 | 0.995 2,054 x tod
13.52 27 2.71 x 10°7 | 37.49 | 0.991 1.873 x 103
144 (12,02 [10.37 | 26 36 2.93 x 1077 |&0.79 | 0.982 1.626 x 103
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Table 11. Average Mass Deposition Rates, TC 2C

TQCM'

130
172
164
144
125

125
144
144
100
144

tad

in,

21.21

21,21
13.21
13.21
21.21
13.21
13.71

3.7
19.52
17,52
15.52
14.52
13,52
12,02

in.

7.63

7.63
10.37

10. 37

<hm> .,
Te Nuz:er gm!cm;?sec d:é_____H cos ¢
20 21 2.16 x 10=3 | 19.79 | 0.984
29 9.98 x 107
30+ 1.57 x 10-6
20 kY] 6.26 x 1076
21 7 i 5.16 x 10-6
8 . 5.38 x 1076
20  8.53 %106 | 19.79 | 0.984
14 4,29 x 1076 [30.00 | 1,0
21 38 1.68 x 1076 | 30.01 | 1.0
22 7 2.81 x 1006 | 19,79 0.984
22 24 1.09 x 10-4 | 30.01 1.0
23 49 9.57 x 1076 | 29,10 | -1.0
23 50 9.85 x 106
24 25 1.58 x 10-6
26 2.41 x 10~6
27 2.50 x 1076
28 3.22 x 1076
29 3.04 x 10-5
10 3,08 x 10-6
N 2.08 x 1078
24 3z 2.12 x 10-6
25 1.86 x 1076
25 2.56 = 10~6 | 29,10
26 1.14 x 10~6 ]27.98
9,05 x 10~7 | 30.62 |-1.0
17 6.64 x 10"7 | 33.73 0.998
20 410 x 107 [ 35.53 | 0.995
26 3.36 x 10-7 | 37.49 0.991
26 37 3.81 x 1077 [40.79 | 0.982

r2,
cm?

3.278 x

3.278 x
1.501 x
1.501 =
3.278 x
1.501 x
1.588 x

1.588 x
3.152 x
2.674 x
2.248 x
2.054 x
1.873 x
1.626 x

103

103
103
103
103
103
103

103
103
103
103
103

103

* Thruster pulse duration of 0.1 sec wirth

106

9.9~sec-0ff time.
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Tahle 12. Average Mass Deposition Rates, TC 1A

Toow | 2, X, p DR <> g0 9, cos 4 R2,
°K in. in, Number gm/emZ, sec deg cm2
130 |21.21 7.63 | 20 22 1.50 x 105 | 19,79 | 0.984 3.278 x 103
172 20 25 3.39 x 10-7
125 21 9 3.40 x 1076
125 21 10 3.26 x 10-6
125 [21.21 21 23 5,28 x 10-6 | 19.79 | 0.984 3.278 x 103
144 |13.71 25 9 1.42 x 1076 } 29.10 |-~1.0 1.588 x 103
10 1.51 x 10-6
21 1.91 x 1076
22 1.81 x 10-6
23 1.94 x 10-6
13.71 7.63 | 25 24 1.87 x 10~6 | 29.10 1.588 x 103
19.52 10,37 26 6 7.62 x 10-7 | 27.98 3.152 x 103
17.52 12 6.07 x 10=7 1 30.62 [-~1.0 2,674 x 103
15.52 18 4.86 x 10°7 | 33.75 | 0.998 2,248 x 103
14.52 24 4,16 x 10-7 | 35.53 0.995 2.054 x 103
13.52 30 2.91 x 107 { 37.49 0.991 1.873 x 103
144 |12.02 10.37 26 38 2.50 x 107 | 40.79 0.982 1.626 x 103

o-gL-d1-DAaY
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Table 13. Average Mass Deposition Rates, TC 1B

Tgcm’ z, X, TP DR <h>1 g0 8, cos ¢ R2,
K in. in. Number gm/cm?, sec deg cm2
130 | 21,21 7.63 20 23 2.04 x 1073 | 19.79 | 0.984 3.278 x 103
172 20 26 8.38 x 10-7
125 21 1 4,19 x 10-6
125 21,21 21 12 4.21 x 106 | 19,79 0.984 3.278 x 103
144 13,71 25 13 1.90 x 10-6 | 29.10 | ~1.0 1.588 x 103
144 13.71 7.63 | 25 14 1.94 x 106 | 29.10 | -1.0 1.588 x 103

#S-6L-d41-003v
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Table 14. Average Mass Deposition Rates, TC 1C

<>

T L] ]
EEM :;1 :l.:. . P Nugger gm/ cm;?sec dzé cos ¢ E:li
130 21,21 7.63 20 24 2.26 x 1072 | 19.79 0.984 3.278 x 15;7
172 20 27 1,12 x 1076 l
125 21 13 4,94 x 10-6
125 21.21 21 14 4,86 x 1070 | 19,79 0.984 3.278 x 103
144 | 13.71 25 15 2.29 x 1076 [ 19.10 [ -~1.0 1.588 x 103
16 2.13 x 10-6
25 2.98 x 10-6
26 2.78 x 10-6
27 2,54 x 10-6 ]
13.71 7.63 25 28 2.51 x 1076 | 29.10 1.588 x 103
19.52 | 10.37 26 7 9,91 x 10-7 { 27.98 3.152 x 103
17,52 13 9.43 x 10-7 | 30.62 | ~1.0 2.674 x 103
15.52 19 6.00 x 1077 | 33.75 | 0.998 2,248 x 103
14,52 25 5.26 x 10-7 | 35.53 0.995 2,054 x 103
13.52 31 3.39 x 10-7 | 37.49 0.991 1.873 x 103
144 12.02 | 10.37 26 39 5.73 x 10-7 | 40.79 0.982 1.626 x 103

¥5-6L-H1-203Y
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Table 15. Average Mass Deposition Rates versus Inlet Pressure,
Tacm = 125K, Initial Tcare = 400°F (478°K)

Toorr | =, - DR Pin.? >, g0 8, R2,
°K in. in. Number psia gm/cm2. sec deg cos ¢ cm?
125 | 21.21 7.63 24 50 7.47 x 1077 | 19.79 | o0.984 3.278 x 103
25 100 2.53 x 10~6
26 150 3.84 x 10-6
27 200 5.54 x 106
28 250 6.81 x 10~6
29 300 8.37 x 10°6
125 | 21.21 7.63 30 350 9.32 x 10-6 } 19,79 | 0.984 3,278 x 103

P8-6L-Hi-Da3Vv



Table 16. Averaged QCM Data

AEDC-TR-79-54

TIC TQCH' 9, RZ, cos § <>y s
*K deg cm gm/cm”, sec
25 144 19,79 | 3.28 x 103 | 0.984 2.52 x 1076
144 -3g | -1.54 x 103 -1 9.07 x 1077
125=130 | 19.79 | 3,28 x 103 | 0.984 3,72 x 1076
125 30.01 1.50 x 103 | 1.0 1.33 x 1076
100 19,79 | 3.28 x 103 | 0.984 5.97 x 105
100 30.01 1.50 x 107 | 1.0 5.90 x 1073
28 172 19.79 | 3.28 = 103 | 0.984 5.08 x 10~7
144 19.79 | 3.28 x 10° | 0.984 3.67 x 10-6
144 ~30 -1.54 x 103 -1 1.51 x 10=h
125-130 | 19.79 3.28 x 103 0.984 6.60 x 10~0
125 30.01 1,50 x 103 | 1.0 2.54 x 10-6
100 19,79 | 3.28 x 103 | 0.984 8.20 x 10™5
2A 100 30.0% 1.50 x 103 1.0 B.16 x 1073
2B 144 19.79 3.28 x 103 | 0.984 4.34 x 10-6
144 230 | ~1.54 x 10° -1 1.70 x 10~6
125-130 | 19.79 | 3.28 x 103 | 0.984 8.35 x 10~6
125 30.01 1.50 = 103 1.0 3.54 x 10~6
100 19,79 | 3.28 x 103 | 0.984 9.83 x 103
2B 100 30,01 1.50 x 103 | 1.0 9,78 x 1073
2C 144 19.79 3.28 x 103 | 0.984 5,53 x 1076
144 -30 | -1.54 x 103 -1 2,38 x 1076
125-130 -| 19.79 { 3.28 x 103 | 0.984 1,02 x 10=5
125 30.01 1.50 x 103 1.0 4.29 x 10-6
100 30.01 1.50 x 103 1.0 1.09 x 10-4
2¢ 172 19,79 | 3.28 x 103 | 0.984 9,98 x 10~7
1A 144 -30 | ~1.54 x 103 -1 1.74 x to=6
130 19.79 | 3.28 x 103 | 0.984 1,50 x 10-3
125 19,79 | 3.28 x 103 | 0.984 3,98 x 10-6
1A 172 19.79 | 3.28 = 103 | 0.984 3.39 x 1077
18 144 -30 | -1.54 x 103 -1 1.92 x 10~6
130 19.79 | 3,28 x 103 | 0.984 2,04 x 103
125 19.79 | 3.28 x 107 | 0.984 4.20 x 1076
1B 172 19.79 | 3.28 x 103 | 0.984 8,38 x 10~7
1c 144 ~30 | =1.54 x 103 -1 2.54 x 108
130 19,79 | 3.28 x 103 | 0.984 2,26 x 10-3
125 19,79 | 3.28 x 10° | 0.984 4,90 x 108
1c 172 19,79 3.28 x 103 | 0.984 1.12 x 106

11
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Table 17. Comparison of Aged and Refurbished Thruster Data Obtained Using Laser-Raman Scattaring

- n{N,_ ) n(H,) T /T

TC X 2 2 R o
Aged Refurbished Aged Refurbished | Aged | Refb, | Aged | Refb,
2s |28.5 |1.6 x10'® | 2.5 x 10"® | 2.3 x10"® | 2.3 x 10" | 0.15 | 0.23 | 1.26 | 1.22
28 |28.5 (2.3 x 10" | 2.6 x 10"® | 3.4 x 10" | 2.7 x 10'®| 0.19 { 0.22 | 1.26 { 1.22

Table 18. Plume Mole Fractions Predicted by CONTAM |1

NZ [-12 NH3 N2H4 Y TC
0.2902 { 0.1808 | 0.5287 | 0.0003 | 1.199 28
0.3238 j0,2529 { 0.4217 { 0.0016 | 1.218 2A
0.3420 [0.2413 | 0.4136 | 0.0031 1.217 2B
0.3480 §0.2516 | 0.3904 | 0.0040 | 1,222 2C

Table 19. Averags Combustion Chamber Number Density and
Temperature for the Refurbished Thruster

o . T
Te cm 3 ol(
28 6.89 x 10'° 664
24 9.51 x 10'? 723
28 1.186 x 1020 739
2c 1.298 x 1020 770

¥9-64-H1-003V¥
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Table 20. Comparison of Aged and Refurbished Thruster Rayleigh Scattering Data
I MOCS MOCS _ .
Plume TC RY n/no’ Y =12 n’“o’ Y = 1.3 f(r = 1.2} X
Aged -1 -5 -4 103
Threter 25 1.04 x 10 5.40 x 10 1.1 x 10 1.92 x°103 | 78.5
Refurblshed 25 2.08 x 10-3 3.75 x 101
Thruster
Simulated 25 ’
Thruster . 6.06 x 1073 1.11 x 102
Y =1.2 2 T3
Simulated 28
Thruster | . _ 7% 3.94 x 1073 7.19 x 101
Y = 1.2 3 2
Simulated 95
Thruster |, _ o'y 1.29 x 1073 5.40 x 1073 1.1 x 1074 2.29 x 101 | 78.5
Y =1.25 3 2
Aged 24 4.06 x 10-1 1,03 x 10-3 1.3 x 10=3 3.93 x 102 | 28.5
Thruster )
Refurbished -3 -3 -3
Thrus ter 2A 8.14 x 10 1.03 x 10 1.3 x 10 6.90 28.5

PS-6L-HL-2Q3V
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Table 21. QCM Data Comparison of Averaged <m>>,o Values

TC TECM’ 8, <>y 50 gn/en’. sec
. K deg Aged Refurbished
28 144 19.8 |[1.8x 1076 | 2.5 x 1076
24 144 19.8 [2.9 x 1076 | 3.7 x 10-6
144 30 2.2 x 1076 | 1.5 x 106
125-130 19.8 [5.6 x 1078 | 6.6 x 10-6
125-130 30 3.5 x 10=6 | 2.5 x 10-6
2A 100-104 19.8 [6.4 x 10~> | 8.2 x 10=5
2B 144 19.8 4.0 x 108 | 4,3 x 106
144 30 3.6 x 1076 | 1.7 x 10-6
125-130 19.8 [6.3 x 1076 | 8,4 x 106
2B 100~104 19.8 [8.2 x 10~2 | 9.8 x 1073
2¢C 144 30 3.9 x 1076 | 2.4 x 1076
2¢ 125-130 19.8 8.3 x 10~6 | 1,02 x 1075
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CONTAM II

LHC, LNz
MOCS
MULTRAN

i,
<rm> 0, <M>

N2H4

n, n,

AEDC-TR-79-54

NOMENCLATURE

Constant pressure molar heat capacity for species i

Computer code for predicting plume contamination from liquid
monopropellant and bipropellant rocket engines on spacecraft
surfaces

Scattering cross section function defined by Eq. (3)
Rayleigh scattering function defined by Eq. (9)
Gaseous helium at 20°K

Planck’s constant

Rayleigh scattered intensity normalized to incident laser beam
intensity and thruster combustion chamber number density

Proportionality constant defined by Eq. (2)
Length of observed laser beam

Liquid helium, liquid nitrogen

Method of Characteristics Solution

A subprogram of CONTAM II

Mass deposition rate and mass deposition rate of first thruster
pulse, respectively; gm/cm2-sec

Average mass deposition rate of the last 10 pulses of a pulse
sequence; gm/cm2-sec and gm/sec-sr, respectively

A subprogram of CONTAM 11

Number density and combustion chamber number density
respectively, cm?

Number density
Index of refraction of species i
Local total number density

Ratio ny/ng
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n{Hz}, n(N3), n(NH3)

cal

T, Tg
TC

Teatns Teoms

Trumwer
T
TP

Tocm

Xea

Number density of hydrogen, nitrogen, and ammonia,
respectively, cm3

N, number density for Rayleigh scattering calibration

Total pressure (atmosphere)

Thruster combustion chamber pressure, psia

Incident power of laser source

Thruster inlet pressure, psia

Quartz Cyrstal Microbalance

Direct distance from the QCM to the thruster exit plane, cm
Universal gas constant

Research Yacuum Chamber

Molar refractivity of species i

Rayleigh scattering photon rate; Eq. (1)

S, for calibration condition

Static temperature and rotational temperature, respectively, °K
Thruster test condition

Catalyst bed lower wall temperature (°F or °K), sometimes
designated as Ty,

Fuel inlet temperature

Thruster combustion chamber temperature, °K
Test period

Temperature of the QCM surface

Mole fraction of species i

Equilibrium degree of dissociation

Axial distance from thruster nozzle throat normalized by the
diameter of the throat
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X Horizontal distance between QCM and thruster axial centerline,
inches axial distance from

z Axial distance from QCM to thruster exit plane, in.

e Electronic polarizability of species i

¥ Specific heat ratio

& A constant for use in the Hill-Draper function (Ref. 5)

€ Degree of dissociation of NaHy

[ . Off-axis angular position of the QCM relative to the thruster axial
centerline

a Estimated data uncertainty

& Defined by Eq. (172)

o Mass flux angle of incidence on the QCM surface

a; Rayleigh scattering cross section of species i

(do/dD); Rayleigh scattering differential cross section of species i

Degree of dissociation of NH;, X1 is equilibrium value

0 Solid angle
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